Temperature and bias voltage-dependent transport characteristics are presented for double magnetic tunnel junctions ͑DMTJs͒ with self-assembled NiFe nanoparticles embedded between insulating alumina barriers. The junctions with embedded nanoparticles are compared to junctions with a single barrier of comparable size and growth conditions. The embedded particles are characterized using x-ray absorption spectroscopy, transmission electron microscopy, and magnetometry techniques, showing that they are unoxidized and remain superparamagnetic to liquid helium temperatures. The tunneling magnetoresistance ͑TMR͒ for the DMTJs is lower than the control samples, however, for the DMTJs an enhancement in TMR is seen in the Coulomb blockade region. Fitting the transport data in this region supports the theory that cotunneling is the dominant electron transport process within the Coulomb blockade region, sequential tunneling being suppressed. We therefore see an enhanced TMR attributed to the change in the tunneling process due to the interplay of the Coulomb blockade and spin-dependent tunneling through superparamagnetic nanoparticles, and develop a simple model to quantify the effect, based on the fact that our nanoparticles will appear blocked when measured on femtosecond tunneling time scales.
I. INTRODUCTION
There are now a wide range of spintronic devices 1 that utilize the interplay of the spin degree of freedom with other physical effects. One such device is a type of double magnetic tunnel junction ͑DMTJ͒ where the central electrode is a nanoparticle that is small enough that charging effects become significant, resulting in single electron behavior. 2 In this case spin-dependent effects and Coulomb blockade physics combine 3 to produce fascinating results, 4 such as spin-accumulation, 5, 6 tunneling anisotropic magnetoresistance, 7 Kondo physics, 8 enhanced tunnel magnetoresistance ͑TMR͒, 9,10 and electromotive force generation. 11 TMR is the change in resistance through a magnetic tunnel junction device when the relative magnetization direction of two of the electrodes is switched. It is quantitatively defined as a fractional change in resistance ͑R AP − R P ͒ / R P , where R P and R AP are the resistances of the junction with the electrodes magnetic moments aligned parallel ͑P͒ and antiparallel ͑AP͒, respectively. The Coulomb blockade is the suppression of tunneling through a particle within an insulating barrier due to the increase in electrostatic charging energy when introducing additional electrons onto the particle. When this charging energy, E c = e 2 / 2C ͑where C is the capacitance of the particle͒ is larger than thermal fluctuations the conventional ͑sequential͒ electron tunneling is blocked, i.e., there is a Coulomb blockade when E c ӷ k B T. However, when this condition holds, conduction is still possible via a virtual charging of the central electrode where two tunneling events take place simultaneously, known as cotunneling.
TMR enhancement is theoretically predicted when cotunneling is the dominant electron transport process. 9, 12 Previous devices of this kind 5, 8, 9, [13] [14] [15] have incorporated the nanoparticle moment alignment in the parallel or antiparallel state with respect to the outer electrodes. Here however, we investigate the effect on the spin transport when the two states are defined by the outer electrodes and the nanoparticle moments are randomly oriented. We use the common spintronic material Permalloy ͑NiFe͒, the low magnetocrystalline anisotropy of NiFe ensures that our nanoparticles are superparamagnetic at all experimentally accessible temperatures, meaning that the electrons must tunnel through an array of islands in which the spin quantization axis is randomly fluctuating due to thermal excitations. We previously published our preliminary findings, restricted to low temperature, on these samples in Ref. 16 . Here we present a full temperaturedependent study of the magnetotransport in these junctions.
It is often assumed in DMTJ studies that metallic nanoparticles embedded within in an oxide simply stay in a metallic state with insignificant reaction with their surroundings. It is known however that a metal in contact with an oxide is liable to oxidize to some degree 17, 18 and also that nanoparticles have been shown to have higher than expected reactivity. 19 Therefore, we also report here additional characterization of our nanoparticles using x-ray absorption spectroscopy ͑XAS͒ and transmission electron microscopy ͑TEM͒.
An enhancement of the TMR value of 2͑1− P 2 ͒ ͑where is P is the electrode polarization͒ 9, 12 is predicted when in the cotunneling regime and the two junctions of the DMTJ are in the same state, i.e., both parallel or antiparallel, the enhance-ment for a system such as ours where both junctions are not necessarily in the same state is not clear. Here, we report in full our observation of the crossover from sequential tunneling dominating at higher temperatures and bias voltages to cotunneling dominating in the Coulomb blockade region but above the superparamagnetic blocking temperature of the nanoparticles, and also develop a simple model to treat this sample configuration to show that the cotunneling enhancement of TMR is maintained even when tunneling through superparamagnetic nanoparticles with fluctuating moment directions where the TMR is defined by the outer electrodes.
II. METHODS
DMTJs with nanoparticles embedded in the insulating barrier were deposited with the following layer configuration: ͑units nm͒. The central NiFe layer is denoted as a nominal average thickness, since we would expect the layer to form nanoparticles, aggregating into islands due to surface energy differences. 20 Control samples without nanoparticles were also produced in the same sputtering run: the same stack was grown in the same conditions as the DMTJs with the exception of the middle NiFe layer but including the separate growth of the two AlO x barrier layers. The samples were deposited by magnetron sputtering in a 0.6 mTorr Ar atmosphere with a 100 Oe field applied to define the pinning direction. The oxide was created by depositing a 1 nm Al film in the conditions described above, followed by a plasma oxidation process used to create the oxide barrier in a 17: 50 Ar: O 2 atmosphere. 21 Samples with the arrangement ͓wafer͑Si/ SiO 2 ͔͒ / Ru͑10͒ / AlO x ͑1͒ / Ni 79 Fe 21 ͑0.3͒ / AlO x ͑1͒ were also produced as sheet films to make it possible to characterize the properties of the NiFe nanoparticles independently of the magnetic stack. These were deposited in the same sputtering run as the full junctions. XAS measurements were made on the above sample and also the same stack but without the top AlO x layer, along with similar samples with 0.8 nm of NiFe for comparison of oxidation state. All samples were measured in the as-deposited state. The XAS measurements were carried out at the U4B beamline at the National Synchrotron Light Source ͑NSLS͒, Brookhaven National Laboratory. 22 There, the soft x-ray beam used was linearly polarized with an energy resolution Ͻ0.7 eV at the Co L 3 edge. The data were collected in the total electron yield mode, with the sample current normalized to an Au grid beam monitor mounted upstream of the sample chamber. Magnetic characterization of the nanoparticles was performed using a variable temperature vibrating sample magnetometer ͑VSM͒.
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The junction shapes were defined using photolithography and ion milling to produce junctions with active areas of 7 ϫ 14 m 2 . The electrical measurements to be discussed were taken at a range of temperatures with the standard fourprobe arrangement in a liquid He cryostat. The control samples yielded low-temperature ͑T =3 K͒ TMR in excess of 70% showing these conditions to be appropriate for creating high-quality AlO x tunnel barriers.
Cross-section TEM specimens of the junctions measured in this study were prepared by a focused ion beam ͑FIB͒ mill and lift-out technique using an FEI Nova 200 FIB system and an Omniprobe 100 micromanipulator. A 30 keV Ga + ion beam was used to cut a section through the bulk of the MTJs used for the transport measurements. Prior to ion milling, the samples were coated with a Pt layer to protect the sample surface from ion beam damage. Bright field images of the cross sections were acquired using an FEI Tecnai T20 TEM.
III. RESULTS

A. Nanoparticle characterization: XAS
The Coulomb blockade requires a conducting, i.e., metallic, nanoparticle island. However, transition metals such as Fe or Ni are chemically reactive and easily oxidized. A useful technique to determine the oxidation state of the embedded particles is XAS, as clear differences can be seen in the absorption spectra for the metallic or oxidized states due to a change in the binding energies of the core electrons. The samples used here have NiFe particles embedded in the oxide or on the surface of the oxide exposed to atmosphere, the latter used as the comparison to what should be the fully oxidized state.
While both the Fe and Ni edges showed evidence of oxidation, we focus on the Fe edges as the differences are more distinct ͑for all samples evidence of oxidation at the Ni edges is small, a consequence of the lower reactivity of Ni, but following the same trend as the Fe edges͒. Figure 1 shows XAS spectra of the Fe edges, the curves have been normalized to the L 3 peak height and a linear background subtracted, then offset for clarity. There is some oxidation present in all of the samples, evident as the shoulder to the right of the L 3 edge ͑ϳ707 eV͒ and the multiple peaks at the L 2 edge ͑ϳ720 eV͒. For comparison with an oxidized nanoparticle sample, also shown in Fig. 1 , are larger particles ͑0.8 nm NiFe layer͒ showing a considerable amount of oxidation when embedded in the barrier, which increases still further when they lie on the sample surface. The Fe peak is still visible however, suggesting we have a metallic core surrounded by an oxide shell of varying thickness. For the smaller embedded nanoparticles the Fe peak is strong and shows a comparably small amount of oxidation.
For the electron transport measurements it will be detrimental to the conservation of the spin through the system to have an oxide shell around the metallic nanoparticle, such as the case for the larger nanoparticles, since such oxides are generally ferrimagnetic or antiferromagnetic and will contain spin disorder at the interfaces. NiO and FeO are antiferromagnetic whereas ␣-Fe 2 O 3 and Fe 3 O 4 are ferrimagnetic. 23 From the splitting of the peaks in the Fe spectra it is most likely the Fe oxide is either ␣-Fe 2 O 3 or Fe 3 O 4 . The first will not be conducive to spin conservation in the system and for the second, Fe 3 O 4 has been shown to have be a highly spinpolarized half metal, however the resistance vs temperature data for the samples suggests that if present, the Fe 3 O 4 does not play a dominant role in the conduction, as there is no evidence of a Verwey transition ͑which occurs in bulk at 119 K͒. 24 There are also possibly some Ni ferrites that complicate the picture further, however, it is clear that the smaller nanoparticles embedded in the barrier show the least oxidation with a large amount of metallic Fe ͑and, presumably, Ni͒, whatever the underlying oxidation mechanisms may be. Indeed, full junctions with the 0.8-nm-thick NiFe particle layer showed no TMR and will not be discussed further.
B. Nanoparticle characterization: Magnetization
VSM data for our samples were previously reported in Ref. 16 , here we revisit the salient points. Magnetic nanoparticles, such as those embedded in these junctions will be superparamagnetic above their blocking temperature, defined as T B = KV / nk B , 25, 26 where K is the anisotropy constant, V is the particle volume, and n is a constant depending on the experimental measurement time m , n Ϸ 25 for m Ϸ 1 s.
The fit of the Langevin function to VSM data for the nanoparticles from the NiFe 0.3 nm film allowed us to extract a particle diameter of ϳ1.8 nm, assuming negligible oxidation. 16 This is an average diameter, as this method of fabricating nanoparticles will give some spread in particle size. 9 The VSM measurements confirmed that we have the situation T Ͼ T B for all measurement temperatures, i.e., our samples have sufficiently small KV product to remain superparamagnetic to very low temperatures. For instance, using this estimated diameter and assuming a typical value for NiFe of K Ϸ 1 kJ m −3 , 27 we obtain a value for T B = KV / nk B Ϸ 10 mK. Shape anisotropy effects will be only an order of magnitude larger ͑assuming a demagnetizing factor D Ϸ 0.1͒. It is instructive to compare our previous data, 16 where no hysteresis and a clear superparamagnetic Langevin behavior was observed at 5 K, with the obviously hysteretic magnetization loops for the slightly larger NiFe nanoparticles studied by Bručas et al., 28 where the particles are blocked at the same temperature. We observed no such hysteresis.
These data indicate that the electrons tunneling through the DMTJs must pass through NiFe islands with thermally fluctuating moments. However, these will appear frozen on tunneling time scales, which are typically of order femtoseconds, 2 since typical superparamagnetic attempt frequencies are only f 0 ϳ 1 -10 GHz. 25 To the tunneling electrons the nanoparticles will appear as a stationary, randomly oriented, array of moments: a commonly employed analog of this is the Born-Oppenheimer approximation, where a vibrating lattice appears static, but disordered, to electrons, due to a similar comparison between electron scattering lifetimes and typical phonon frequencies. 29 Alternatively, from the point of view of superparamagnetism, we say that the value of f 0 m ϳ 10 −5 , so that our particles are indeed blocked for m of the order of tunneling time scales.
C. Full junctions: TEM
A method commonly used to study magnetic nanoparticles is TEM, as was done in Refs. 8, 9, and 15, for instance. Figure 2 shows typical bright field TEM images of the DMTJ cross section. The cross section was prepared by FIB from the junction on which the transport data shown below were measured, once those experiments had been completed. The contrast levels within the images may been adjusted in order to highlight the structure within the barrier layers. The observed layer thicknesses are consistent with their nominal values. Figure 2 shows a cross-sectional image of the junction with a nominal thickness of 0.3 nm NiFe grown in the barrier. It is clear the NiFe layer has formed nanoparticles as expected, the particles appear spherical and with diameters in the range 1-2 nm, this agrees well with the fit to the VSM data. Any oxide shell is negligible in that it is not visible in the TEM, which is consistent with the XAS data.
D. Full junctions: Magnetotransport
We performed electrical measurements on both types of junctions: the control sample single magnetic tunnel junctions ͑SMTJs͒ and the DMTJs. Both showed nonlinear current-voltage ͑I-V͒ characteristics consistent with tunneling transport. In Fig. 3͑a͒ we show TMR curves at 3 K for the control sample ͑for brevity labeled as SMTJ͒ and the
DMTJ samples. The data were taken by measuring the current while applying a 10 mV bias and sweeping the magnetic field. The similarity in the shape of the curves confirms that for both types of junction the TMR arises from the relative magnetic alignment of the outer electrodes rather than the nanoparticle moment alignment. While the DMTJ has a lower TMR by roughly a factor of 2, the TMR ratio is still substantial, indicating that spin-polarized electrons can traverse the superparamagnetic NiFe nanoclusters without complete loss of spin information. The drop from the SMTJ values could be due to the randomly oriented array of particle moments or from the lower spin polarization of the NiFe. 28 Figure 3͑b͒ shows I-V characteristics for the DMTJs, for measurements that were taken with a +150 Oe field, which aligns the electrode magnetization parallel, as we can see from Fig. 3͑a͒ . The inset shows typical curves at 3 K for the SMTJ and the DMTJ. The curves for the SMTJ show a typical tunneling shape, appearing nearly linear on this voltage bias scale. 30 The curves for the DMTJs have a markedly stronger bias dependence than the SMTJ and clear suppression of conductance at low bias which becomes more evident as the temperature decreases. This suppression of conduction is consistent with the sequential tunneling being blocked by the Coulomb blockade effect. The conductance never goes to zero if cotunneling is allowed, albeit cotunneling has a much lower tunneling rate than sequential tunneling. It should be noted that to exclude other conflicting transport or charging processes the barriers have been made to be as symmetric as possible and of high enough resistance ͑R T ͒ that the wave functions of the electrons are confined to the electrodes between tunneling events, i.e., the tunnel resistance R T Ͼ R Q = h / 2e 2 , the quantum of resistance. There is a balance to be made however, as cotunneling will be exponentially suppressed for R T / R Q → ϱ.
12
In Fig. 4͑a͒ we show differential resistance ͑R = dV / dI͒ curves numerically calculated from the I-V measurements with a −150 Oe field applied ͑the AP state of the outer electrodes͒ at a range of temperatures. Figure 4͑b͒ shows similar data for a +150 Oe field applied ͑the P state͒. The insets show the dV / dI data for the control SMTJ sample at two temperatures in order that the shape of the curves may be compared. All these data have been smoothed over a 3 mV window. The resistance of both types of junctions rises as the samples are cooled, which is confirmation of having tunneling as the primary method of conduction. 31 The dV / dI curves in Figs. 4͑a͒ and 4͑b͒ show strong peaks around zero bias which become more prominent as the temperature decreases. The peaks are far more pronounced than the bias dependence observed in the SMTJs, which is fairly typical of that for magnetic tunnel junctions. 32 The insets both show asymmetry in the curves, the high TMR ͑for AlO x junctions͒ suggests this can be attributed to the band structure of the electrodes caused by minor deviations from optimal oxidation of the bottom electrode, as the electrodes are both formed form the same composition of CoFeB. 33, 34 The DMTJ dV / dI curves are symmetric; here the dominant effect in limiting the number of conduction channels across the junction will be the blocking of sequential tunneling, we would expect this process to be symmetric in bias ͉͑V͉ Շ E c ͒. Moreover, for the DMTJs it is clear that the low-bias temperature dependence of R is very much stronger than for the SMTJ, which is another signature that cotunneling is the dominant process for low V, low T transport in the DMTJ. The open symbols represent the data; the solid lines represent the fits to the data using Eq. ͑2͒. Inset: comparison between the SMTJ and DMTJ at 3 K. All curves in ͑b͒ were measured at H = +150 Oe, which corresponds to the outer electrodes being magnetized parallel, as shown in ͑a͒. The data measured at 3 K shown in panels ͑a͒ and ͑b͒ are replotted from Ref. 16. TMR at low temperature ͑T Շ 100 K͒ and bias ͑V Շ 75 mV͒. Rather than a distinct change as the system enters the Coulomb blockade region, the increase in TMR is smooth due to a crossover where sequential and cotunneling play comparable roles in the conduction. 12 In this system the particle sizes have a small spread which will give a range of charging energies, for this size of junction there will be a number of parallel conduction paths which unblock at different energies. From the TEM we can see a spread of between ϳ1 -2 nm; taking the capacitance to be C =2 0 r d, where r = 8 and d is the diameter of the nanoparticles, we can calculate the corresponding range of Coulomb blockade voltages, 35 V C = e / 2C, to give the range 90-180 mV, which correlates well with the onset of the Coulomb blockade characteristics in our transport data.
IV. DISCUSSION
Theory gives the following expression for the subCoulomb gap I-V characteristic for inelastic cotunneling:
where R T is the tunnel resistance and E c is the charging energy. 37 There are contributions to conductance that are linear and cubic in V. In this instance, taking a phenomenological view, we fitted our data with the expression
between Ϯ50 mV, i.e., only well within the region where we have enhanced TMR and expect cotunneling to dominate and where the usual tunneling contributions are almost Ohmic. Examples of the fits are shown in Fig. 3͑b͒ as solid lines. Figure 5 shows the coefficients yielded by fitting the I-V curves of the DMTJ at a range of temperatures. ͑The 3 K values for A and B differ slightly from those we reported in Ref. 16 , as there we fitted the data across the full range of voltage biases applied, rather than restricting ourselves to the cotunneling regime.͒ The coefficient A ͑the linear term representing the Ohmic part of the conductance͒ shows a strong increase with as the temperature, rising by roughly a factor of 5, a much larger fractional change than B ͑cubic term͒. This implies that the mechanism of electron transport is dominated by cotunneling at low temperatures due to the suppression of sequential tunneling currents rather than a large increase in cotunneling rate. In practice there are potentially additional contributions to the conductance that are linear in V at low bias, such as sequential tunneling through larger islands where k B T Ͼ E c , as well as any leakage current through the system. Comparing Eq. ͑1͒ with Eq. ͑2͒, the ratio of the coefficients B / A should yield an ideal value of ͑e / 2k B T͒ 2 in which the only experimental variable is the temperature. At a temperature of 3 K this gives an ideal ratio of ϳ4 ϫ 10 5 while the experimental value of B / A for the DMTJ is only ϳ3 ϫ 10 2 . This discrepancy in the DMTJ value compared with the theoretical value can be attributed to additional conductance contributions which are linear in V ͑at low bias͒, such as discussed above. It is important to note however that for the SMTJ at 3 K B / A ϳ 1, two orders of magnitude smaller still, the I-V characteristics are much more linear due to the absence of Coulomb blockade effects. Now that we have established that inelastic cotunneling is the dominant mechanism for transport for eV , k B T Ӷ E c , we examine our data in terms of the predictions for enhanced TMR in this regime. 12 TMR has been theoretically predicted to be enhanced when cotunneling is the dominant conduction process, owing to the total junction resistance being proportional to the sum of the single junction resistances ͑r 1 and r 2 in Fig. 6͒ for the sequential tunneling regime and proportional to the product for the cotunneling regime, reflecting its coherent nature. 12 The previously predicted enhancement simplifies to 2͑1− P 2 ͒, where P is the effective polarization of the electrodes. This simplification, however, is for junctions where r 1 and r 2 are in the parallel or antiparallel state simultaneously. Therefore the previous enhancement is not valid in this study where the parallel/antiparallel states come from the alignment of the outer electrodes and the nanoparticles are superparamagnetic; as it is not necessarily the case that r 1 and r 2 will both be in the parallel ͑or antiparallel͒ state simultaneously, a different treatment is required.
As a simple model that captures the essential physics of this situation we sum the resistances of two parallel conduction channels ͑R 1 and R 2 in Fig. 6͒ with the nanoparticle alignment as one direction or the other collinear to the electrode magnetization, repeating this for when the outer electrodes are aligned either parallel or antiparallel. Summing our parallel conducting channels we obtain equations for total junction resistance in the four situations, the parallel and antiparallel electrode arrangements in the sequential and cotunneling regimes ͑details are shown in the Appendix͒. The TMR ratio may then be calculated in each regime as ͑R AP / R P ͒ −1.
These calculations can then be used with the results of the DMTJ measurements to quantify the expected TMR for the low-temperature TMR without the Coulomb blockade, and hence calculate the enhancement caused by cotunneling transport. At T = 3 K, the measured low-bias value for the TMR is ϳ35%, with R AP = 1.11ϫ 10 6 ⍀ and R P = 0.82 ϫ 10 6 ⍀, corresponding to the cotunneling regime. Inverting Eqs. ͑A3͒ and ͑A4͒, we obtain a pair of simultaneous equations that may be solved to give r ↑↑ and r ↑↓ , which we then inserted into Eqs. ͑A1͒ and ͑A2͒ to predict TMR in the sequential regime to be ϳ18%. This is close to the value that may obtained by extrapolating the high-bias ͑sequential regime͒ trend in the DMTJ TMR͑V͒ at this temperature back to V = 0. It is also roughly in accord with a similar extrapolation of the high temperature trend back to He temperatures. Therefore, we see a roughly twofold enhancement in the TMR for the DMTJs due to cotunneling, in spite of tunneling through superparamagnetic nanoparticles with fluctuating moments.
V. SUMMARY
We have fabricated and studied AlO x -based double magnetic tunnel junctions with NiFe nanoparticles embedded within the oxide barrier, these have been compared with control samples without nanoparticles. The nanoparticles were grown by self-assembly from a NiFe thin film deposited on the oxide layer. The electrical results for the DMTJs were compared to control SMTJs.
The two types of junctions showed distinctly different I-V characteristics: the DMTJs showed a highly nonlinear I-V characteristic, which leads to pronounced low-bias peaks in the differential resistance and TMR ratio that are absent from the data for the SMTJ. The results of fitting to the I-V data, as well as the enhancement in TMR are both consistent with cotunneling being the dominant electron transport process at low temperature and bias, where sequential tunneling is suppressed by the Coulomb blockade. 12 The significant TMR of the DMTJ in both the sequential and cotunneling regimes indicate that spin information is preserved during the cotunneling process, in spite of the fact that the nanoparticles are superparamagnetic and hence have fluctuating moments. We treat this in terms of a simple model where the superparamagnetic moments are treated as frozen on tunneling time scales, allowing us to estimate cotunneling enhancement of the TMR in this previously unexplored device geometry. Previous observations of the enhancement effect included the magnetic moment of nanoparticles in the P and AP states, 8, 9, 13 the switching fields of which can be difficult to control. In our geometry the TMR enhancement is available at the switching field of a conventional MTJ free layer, which may easily be engineered. Potentially combining this device geometry with room-temperature Coulomb blockade effects 38 will allow the cotunneling enhancement to be exploited in practical devices. 10 
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APPENDIX: RESISTANCE FORMULAS
Here we set out some details of the formulas used in our model, described in Sec. IV. We define r 1 as the tunnel resistance between electrode 1 and a nanocluster, similarly FIG. 6 . ͑Color online͒ Schematic of two-state model of tunnel current flow through the DMTJ; the bottom outer electrodes ͑the DMTJ free layer͒ will either both be parallel or both antiparallel with respect to the top outer electrodes ͑the DMTJ pinned layer͒. r 2 is the tunnel resistance between electrode 2 and the nanocluster. For the calculation of the total junction resistance ͑and consequently the TMR͒ the single junction resistances r 1 and r 2 ͑see Fig. 6͒ are either summed or multiplied for sequential or cotunneling respectively, following previous theoretical work, 12 to give the total resistance through an island. Since in our structures the electrodes and barriers are nominally identical we assume that r 1 = r 2 . Both r 1 and r 2 then have two possible values r ↑↑ and r ↑↓ , which are the resistances of either single junction when the moments in the electrode and island are parallel or antiparallel, respectively.
As discussed in Sec. III B, we treat the magnetization states of the islands as a static, frozen array of random moments, in analogy to the Born-Oppenheimer approximation. To have a simple, analytical model that is physically transparent, we assume here that exactly half of the island moments point to the left and the other half to the right. In terms of the TMR ratio only the proportion of islands pointing in the each direction is relevant. We therefore treat two double junctions in parallel, one with the island in each state, as shown in Fig. 6 , the overall resistances of which are R 1 and R 2 . The total resistance is then simply R 1 R 2 / ͑R 1 + R 2 ͒.
The outer electrodes can take up either a parallel or antiparallel state. The equations for the total resistance in each state are as follows. For the sequential tunneling regime, the resistance with the electrodes in the parallel state is given by 
